Ulva was cultivated successfully in reject water. Ulva efficiently removed N (and P) from reject water. Ulva bioremediation efficiency and capacity was greater in ammonium than nitrate.
Introduction
In modern society we have an increasing need for re-thinking waste streams in order to sustainably manage natural resources (Clark, 2009) . Phosphorus (P) and nitrogen (N) are both essential elements in agricultural fertilisers and both are causing environmental concerns when washed out into the aquatic environment. P is a limited resource and efforts are to an increasing extent being made to retain and recycle this element in order to defer global P shortage as well as to limit eutrophication of the aquatic environment (Carpenter and Bennett, 2011) . One of these efforts is made in waste water treatment plants, where P is retained in the sedimented sludge and recycled as fertiliser on agricultural land (van Loosdrecht et al., 1997) . The liberation of N to the aquatic environment and the atmosphere is also under increasing management and control in order to avoid eutrophication of fresh and coastal waters (Compton et al., 2011) . N is not as such a limited resource: Approximately 5 billion metric tons of N are contained on Earth in atmosphere, ocean, soil, biota and sedimentary rock. However, the unlimited N resource is the free N 2 in the atmosphere, not the reactive (sensu Galloway, 1998) or biologically available N, which constitutes less than two percent of the nitrogen on Earth (Galloway, 1998) and references herein). There are good arguments for recycling the reactive nitrogen: conversion of the free N 2 in the atmosphere into biologically available NH via the Haber-Bosch process requires huge amounts of energy: approximately 1% of the world's annual energy supply (Smith, 2002) . From being spread on agricultural land and all through the food chain, reactive N is lost to the surrounding environment, representing a financial loss to agricultural ecosystems, and an environmental threat to background terrestrial and aquatic ecosystems (Galloway, 1998) . At the waste water treatment plants, resources are spent removing the biologically available nitrogen to avoid eutrophication of adjacent water bodies. Here the cycle is closed as reactive inorganic forms of nitrogen are converted back into free N 2 through microbial activity and re-liberated to the atmosphere (Schmidt et al., 2003) .
Rethinking this pathway, by recycling the biologically available nitrogen could offer a more sustainable and less energy demanding resource flow, while still satisfying the need for nitrogen fertiliser as well as for removal of nutrients from waste water. Bioremediation of different types of nutrient rich waste water by macroalgae could be -and has been suggested as -part of the solution (Neori et al., 2004) .
The majority of macroalgae grows submerged in water and all are capable of taking up dissolved nutrients across the entire surface area. Ulva (Chlorophyta) is one genus of opportunistic green macroalgae that owing to its foliose morphology has efficient nutrient uptake and high growth rates, enabling these organisms to proliferate fast upon fortunate conditions (Pedersen and Borum, 1997) .
Using Ulva species for extraction of nutrients from nutrient rich waste water is presently applied in land based aquaculture (Bartoli et al., 2005; Copertino et al., 2009; Msuya and Neori, 2008; Robertson-Andersson et al., 2008) . The protein rich algae biomass can be applied as a feed supplement for cultivated finfish, shrimps or shellfish. Green macroalgae have also been tested for bioremediation of agricultural waste water: marine species such as Ulva lactuca (Nielsen et al., 2012) and multispecies cultures of freshwater algae, that were following successfully tested as a slow release fertiliser (Mulbry et al., 2005 (Mulbry et al., , 2008 . The efficiency of Ulva to extract nutrients from urban waste water has also been documented (Tsagkamilis et al., 2010) . In addition to the effect of bioremediation Ulva has an antibacterial effect on the waste water, thus reducing the health related problems of the waste water (Lu et al., 2008) .
Reject water is another interesting type of waste water from a phycoremediation point of view: at an increasing number of waste water treatment plants, the sedimented sludge is utilised for biogas production through anaerobic digestion, before being spread on agricultural land as a fertiliser. Following the anaerobic digestion, prior to the transportation away from the treatment plant, the sludge is dewatered. The resulting nutrient rich drainage water is termed reject water. As the nutrient concentration of reject water is relatively high, this internal process stream cannot be directly discharged, and it is normally channelled back into the raw sewage for removal of N and P, thus generating an internal nutrient loading of the waste water treatment plant and increasing the pressure on microbial processes and expenses (Janus and van der Roest, 1997) . Removal of the dissolved nutrients in the reject water by means of algae cultivation would minimise the internal nutrient load on the system and the bioavailable nitrogen could be recycled instead of being wasted into the atmosphere. From the perspective of algae cultivation, the reject water has several advantages as compared to the raw or treated sewage: (1) The ratio between inorganic and organically bound nutrients is higher in the reject water, since the anaerobic digestion to some extent remineralises the organic material, (2) the nutrient concentration of the reject water is relatively constant as compared to the fluctuating nutrient concentrations in raw sewage, (3) compared to the turbid raw or treated sewage, the reject water is relatively clear, permitting a higher degree of light availability for algal photosynthesis in the fluid; and (4) in a working environment perspective, the reject water is more safe and hygienic, since the anaerobic digestion causes a sanitation of the pathogens that are inevitably present in raw as well as treated sewage water. Recently, proof-of-concept has been demonstrated cultivating green microalgae (Chlorella sp.) in reject water for nutrient recovery and biomass production (Rusten and Sahu, 2011) .
The aim of the present study was to determine the efficiency of the green macroalgae, U. lactuca, for bioremediation of reject water from a sludge-fed biogas plant. Two separate experiments were carried out. The first experiment (N source experiment) aimed at evaluating the quality of the reject water as nutrient source for algae growth as compared to inorganic nitrogen sources. The second experiment (concentration experiment) was conducted to estimate the bioremediation efficiency, nutrient uptake rates as well as bioremediation capacity of Ulva over a range of nutrient concentrations. The results generated a simple model tool for predicting, in this system, the optimal reject water concentrations for N and P removal of the Ulva biofilter. Since algae in some cases efficiently accumulate heavy metals, the concentrations of heavy metals in the biomass of Ulva cultivated with reject water were determined. Results are discussed in the context of waste water management and utilisation of the produced macroalgae biomass.
Methods
In spring 2011 free-floating U. lactuca was collected at two occasions in the inner parts of the eutrophic estuary, Limfjorden, Denmark. The algae were brought to the laboratory and stored until use in a 150 L aerated tank containing artificial seawater (ASW) prepared by mixing demineralised water and commercial marine sea salt (Red Sea Coral Pro Salt, Red Sea) to a salinity of 20‰. To avoid nutrient depletion of the algae, water was enriched with nutrients according to standard f/2 medium (Guillard and Ryther, 1962) . Illumination was set at approximately 120 lmol photons m À2 s À1 (16:8 light:dark cycle) and the temperature was kept at 16°C.
Reject water was collected from the biogas plant at Fredericia Spildevand A/S. Fredericia Spildevand is the second largest sewage treatment plant in Denmark, having a capacity of 420,000 person units. At the biogas plant, the sludge from the sedimentation tanks is anaerobically digested to produce biogas. At this specific plant, the sludge undergoes a thermal hydrolysis prior to the digestion, where the sludge is heated to 140°C at 5 bars in order to rupture the cell walls of the microorganisms present in the sludge, making their cellular contents available for the anaerobic digestion process (CAMBI Danmark A/S). The sludge is following pumped into a digester where it is anaerobically digested at 39-41°C with a retention time of 33 days. Finally, the digested sludge is drained and exported for deposition. The reject water is the drainage water from the final stage of the sludge treatment. This was the waste water source utilised in this study. The predominant N component in the reject water was ammonium (NH (Nielsen et al., 2012) . The dilution also prevented excessive N evaporation and possible damage to the algae due to the high ammonia concentration (Abeliovich and Azov, 1976) .
Due to the thermal hydrolysis procedure, the reject water was considered sanitised and free of pathogens.
Experimental set-up -both experiments
Both the N source and the concentration experiment were performed in glass beakers, each containing 2 L of ASW (20‰ salinity) and a total biomass of approximately 0.26 ± 0.02 g fresh weight (FW) of U. lactuca cut into five fronds of even size. Every treatment comprised 3 replicate glass beakers. The beakers were constantly aerated and kept at a stable temperature of 15°C. pH measured was in the range of 7.9-8.9. Prior to each experiment, the algae were acclimated to the specific nutrient treatments in 10 L tanks for 5-7 days. Water samples for analysis of the concentrations of NO À 3 À N, NH þ 4 À N and ortho-P were taken at the beginning and end of each experiment, as well as during the experiments whenever the water was renewed. The water samples were filtered through GF/F filters (Whatman Ltd.) and kept at À20°C until analysis.
Specific Growth Rates (SGR, % FW d
À1
) were calculated as (ln (W t /W 0 ))/t Â 100, where W 0 corresponded to the initial biomass and W t to the biomass after t days. Growth was measured from algae biomass (FW) by carefully blotting the fronds with filter cloth to remove excess surface water prior to weighing. During the experiments, the fronds were adjusted to initial biomass density by removing surplus algae tissue. The harvest intervals are specified under the specific experiments.
The bioremediation efficiency was defined as the percentual removal of NH þ 4 and ortho-P from the media per day (% N or P d À1 ): ((conc start À conc end /conc start )/t) Â 100.
Bioremediation capacity was defined as the tissue concentration of N and P (% of dry weight (DW)), describing the capacity of the algae to incorporate N and P from the water.
The nutrient uptake rate was calculated as the nutrients removed from the media per algae DW per day (mg N or P g DW À1 d
): (mg N start or P start -mg N end or P end )/g DW algae end /t. DW is equal to total solids (TS).
N source experiment
In the N source experiment, the effect of the quality of N source on growth rate and C:N ratio of the algae tissue was tested, comparing reject water as a N source with two inorganic N sources: NH During a period of 17 days Ulva was exposed to one of three treatments: (1) reject water, (2) f/2 medium added NaNO 3 or (3) f/2 medium added NH 4 Cl as a N source (Guillard and Ryther, 1962) all at a concentration of approximately 440 lM N. The reject water was diluted approximately 300 times to achieve this concentration. SGRs were determined every second or third day. At the same interval the water was renewed to avoid nutrient depletion, glass beakers were cleaned to remove bio fouling and the algae biomass was adjusted to the initial values (FW).
Since thermal hydrolysis in theory could have detrimental effect on the vitamin content of the reject water, an additional experiment was carried out alongside with the N source experiment to determine if the reject water was deficient in vitamins and micronutrients. Results indicated a deficiency of vitamins and trace-elements in the reject water: there was a significant increase in SGR, when vitamins and/or trace-elements were added with the reject water (General linear model, F 3,8 = 11.46, P = 0.0029). Relative to only reject water, an addition of vitamins resulted in a 39% increase in SGR, trace metal gave a 39% increase in SGR, and vitamins and trace metals combined gave a 53% increase in growth rate (data not shown).
The thermal hydrolysis process of the sludge at Fredericia Spildevand A/S is not a common process as pre-treatment in sludge fed biogas plants. Thus, to reflect most common conditions and to ensure optimal conditions for the algae, the reject water were added vitamins and trace metals in subsequent experiments (corresponding to Guillard and Ryther, 1962) .
Concentration experiment
To determine the effect of concentration of reject water for growth and bioremediation efficiency of Ulva, the algae were exposed to five different concentrations of the reject water expressed as NH Vitamins and trace metals were added in f/2 concentrations to all five N treatments. During the ten day experimental period, growth media was changed every day to avoid nutrient depletion. Every day, biomass was adjusted to initial weight (FW) and specific growth rates were determined. Every treatment comprised 3 replicate glass beakers.
Water chemistry

Concentrations of NO
À 3 À N were determined using a NO-NO 2 -NO x analyser (Thermo Environmental Instruments INC. 42C). Concentrations of ortho-P and NH þ 4 À N were determined spectrophotometrically according to standard methods.
Biochemical analyses
Ulva tissue samples were freeze-dried in plastic bags and homogenised for further analysis. Replicates were treated separately. Carbon and nitrogen content was analysed on an elemental analyser (Roboprep C/N, Europa Scientific Ltd., UK) in line with a triple collector isotopic ratio mass spectrometer (Tracermass, Europa Scientific Ltd., UK). Total P content of Ulva tissue was analysed spectrophotometrically according to standard methods. Prior to analysis, pretreatment of the dried and homogenised biomass was performed in order to extract the P from the tissue: Samples were heated at 550°C for 2 h, autoclaved with 2 M hydrogen chloride (HCl) (20 mg DW for 7 mL acid), and finally filtered through GF/F filters (Whatman Ltd.).
Metal analysis
Metal analyses on chromium (Cr), total arsenic (As), lead (Pb), cupper (Cu), zink (Zn), cadmium (Cd) and nickel (Ni) were performed as described in Nielsen et al. (2012) .
Data analysis 2.5.1. Statistics
The analysis of the difference between treatments used general linear models (bioremediation capacity), repeated measures ANO-VA (bioremediation efficiency), mixed models and a t-test in SAS 9.2 (SAS Institute, Cary, NC). All capacity measures were given in means ± standard error (SE) over the duration of the experiment. The analysis of bioremediation which used averages was weighted with 1/SE^2 to account for the accuracy of the averages. Log transformation of the heavy metal data gave a good fit to normality. Transformations of other data were not necessary for residuals to fulfill assumptions on normality and homoscedasticity. In the following the results of the overall models are only reported in Supplementary material as Tables S1 and S2. Only if overall models were significant the effect of treatment and growth rate and interactions were examined. Least square mean (LSMeans) differences were used for testing pairwise differences.
Parameterisations of growth and nutrient removal
The growth and nutrient removal of Ulva was parameterised as function of N concentration a tool for optimisation of the phycoremediation system. The average growth rate, N uptake rate, P uptake rate, N removal and P removal in response to varying N concentrations of reject water often seem to approach an asymptote. To parameterise the relation between N concentration and N or P uptake and removal, the experimentally obtained values were fitted with exponential, Gaussian, or Spheric models using proc model in SAS and a linear regression to average and weight the fit with 1/SE^2. The parameterisations of exponential, Gaussian and Spheric models were described by sill, nugget and range. Sill plus nugget gives the value for the asymptote (indicating the maximal N or P uptake rate) and range describes the independent value where the asymptote is reached (indicating the optimal reject water concentration for achieving maximal N or P uptake rate). For spheric function range and for Gaussian functions 95% of the asymptote was reached at square root (3) Ã range (http:// www.support.sas.com). The selected function gave the best fit measured in terms of R 2 . Only models that gave range values within the concentrations of reject water were accepted.
Results and discussion
In Sections 3.1 and 3.2 the results from the two experiments are discussed in each their section. Section 3.3 is a general discussion of nutrient recycling using Ulva for waste water bioremediation.
3.1. The N source experiment -assessing the quality of reject water as nutrient source
According to the results presented in Sections 3.1.1-3.1.3 reject water from a sludge fed biogas production is a valid nutrient source for cultivation of Ulva. The growth rates, nutrient uptake and biochemical composition of Ulva cultivated with reject water were not significantly different from Ulva cultivated with inorganic NH þ 4 as nutrient source.
Growth rates of Ulva cultivated with different N sources
The SGR of the Ulva differed significantly between two of the three N sources (Table 1) . Ulva cultivated in the reject water had significantly lower SGR (11.97 ± 1.02% FW d Table 1) . The growth rate of the Ulva grown with NO À 3 was also higher, but not significantly, than the SGR of the Ulva grown with NH þ 4 (LSMeans t = 2.36, p = 0. 056). The similarity in effect on SGR between reject water and NH þ 4 media may be explained by the fact that the N in reject water was (and is generally) predominantly in the form of NH þ 4 (Janus and van der Roest, 1997). Since these two N sources resulted in similar growth rates, the results also indicated no significant effect of growth inhibiting substances potentially present in the reject water. The relatively low growth rates in this experiment, as compared to the concentration experiment, could be due to non-visible differences between material from the two sampling occasions. Since the objective of the experiments was investigation of the relative differences between the growth rates on the three N sources, the relatively low growth rates were not considered problematic.
Bioremediation capacity of Ulva cultivated with different N sources
Nitrogen source and growth rate explained 90.1% of the variation in internal N content. Growth rates did not vary significantly with the variation in internal N content, whereas the overall internal N concentrations (N% of DW) differed significantly between N sources (Table 1) . The internal N concentrations (bioremediation capacity), were significantly greater in Ulva grown on reject water and NH þ 4 (5.31 ± 0.25 and 5.47 ± 0.15% of DW, respectively) than in Ulva grown on NO À 3 (3.69 ± 0.14% of DW) (LSMeans, t = 4.14, p = 0.009 and LSMeans, t = 5.35, p = 0.003, respectively, Table 1 ). As for the SGR, the internal N content did not differ significantly between Ulva cultivated in reject water and f/2 with NH þ 4 (LSMeans t = 0.28, p = 0.786). The differences in internal C and P contents between Ulva grown on the three N sources were not significant, and could not be explained by N source and growth rate ( Table 1) . The growth rate did not affect the CN ratio, whereas CN ratio differed significantly between Ulva grown on the three N sources. A significantly higher CN ratio (30.3% and 32.4% higher, respectively) was detected in the tissue of Ulva grown with NO À 3 than with reject water and NH þ 4 (LSMeans t = 4.43, p = 0.007, and LSMeans t = 5.36, p = 0.003, respectively) (Table 1) . Again, the CN ratio did not differ significantly between Ulva cultivated with reject water or NH þ 4 (LSMeans t = 0.14, p = 0.897). The results are in agreement with previous studies on the red algae Palmaria palmata, where the N storage capacity of the algae was greater when the algae were grown with NH before entering the glutamine synthetase/glutamate synthetase (GS/GO-GAT) cycle, the first step of the protein synthesis (Stryer, 1995) . The implications of the CN ratio for the application of the biomass are discussed in Section 3.2.2.
Bioremediation efficiency of Ulva with different N sources
The increased incorporation of N in algae cultivated with reject water and NH þ 4 was also reflected by the nitrogen uptake rate as well as the bioremediation efficiency of the algae. Ulva growing with reject water and NH Values represents means ± SE (for the specific growth rate and bioremediation efficiency, n = 21. For the internal tissue concentrations of C, N and P, n = 4). (Table 1) . The difference in bioremediation efficiency between Ulva grown with the three N sources was significant for the overall experimental period, whereas an effect of growth rate could not be detected. Ulva seemed to respond differently to the N sources over time. This was indicated by a statistically significant interaction between N source and experimental day, showing that bioremediation efficiency differed between N sources on different experimental days (Supplementary Table S1 ).
Also the bioremediation efficiency for P differed significantly between Ulva grown on the three N sources (Table 1) . A significantly smaller percentage of P was removed by Ulva in the reject water as compared to Ulva grown with NH þ 4 and NO À 3 between experimental days 2-14 (t > 2.6, p = 0.049). Since the P uptake rates were not significantly different between the algae growing on the three N sources (Table 1) , the lower bioremediation efficiency in reject water, only reflected that a higher concentration of P was present initially in the reject water, as compared to the two other N sources. Growth rate did not affect the amount of P removed. The interaction between N source and time intervals did not differ significantly (repeated measures ANOVA, F 8,20 = 0.92, Geiser-Green adjusted p = 0.471), suggesting that the effect of N source on P removal did not differ between time periods.
These results implicate that despite lower growth rates, a more efficient bioremediative effect regarding N can be obtained using Ulva as biofilter, when the N source of the waste water is in the form of NH þ 4 as compared to NO À 3 . In agricultural, aquacultural and urban waste water, NH þ 4 will be the predominant form of N present. In recirculated aquaculture systems however, an oxidation step is often implemented before returning the water to the animals, to avoid the potential toxic effects of high NH þ 4 concentrations. In biological waste water treatment systems, in the nitrification/denitrification process, NH þ 4 is likewise oxidised to nitrite (NO 2 -) and NO À 3 , and following in the process of anaerobic denitrification, reduced to free N 2 (Schmidt et al., 2003) . In order to maximise the bioremediative effect of the algae and the retention of biologically available N, as well as the benefit from the photosynthetic oxygen production, an algae cultivation step should be implemented prior to any oxidation step in a waste water treatment process.
The N concentration experiment -optimal biofilter performance
In the second experiment, Ulva was cultivated only on reject water, in concentrations ranging from 6 to 100 lM of N. Growth rates peaked and stabilised at 50-100 lM N, whereas the nutrient uptake rates and internal nutrient concentrations continued to increase throughout the concentration range.
Despite a pre-treatment period to acclimatise the algae to different nutrient concentrations, the SGR for all concentrations had an almost identical initial growth rate at approximately 15% FW d À1 (Fig. 1) . During the beginning of the experimental period, the growth rate in the different concentration treatments increased until stagnating after the 3rd experimental day at different levels. Therefore subsequent statistical results have been calculated using data starting from the 4th day where growth rates of the different treatments had stabilised (Fig. 1). 
Growth rate of Ulva cultivated with different reject water concentrations
Increasing concentration of reject water, measured as average external NH þ 4 concentration, had an overall significant positive effect on SGR (Figs. 1 and 2a , Table 2 ). Except for the treatments with 50 and 100 lM N (Least square mean differences t = 0.678, p = 0.513) all pairwise comparison showed significant increases with increasing concentrations of reject water (t P 3.47, p 6 0.006).
A Michaelis Menten plot showed a significant relation between the inverse concentration of reject water versus the inverse specific growth rate ( Fig. 2b and Table 2 ). The maximum specific growth rate (SGR max ) and half-saturation constant (K M ), respectively, were estimated to be 61.1% FW d À1 and 9.4 lM (Fig. 2b) 
FW d
À1 (Copertino et al., 2009 ). Achieving such high growth rates of Ulva cultivated with reject water confirms the potential of phycoremediation using Ulva for nutrient retention and reuse, and confirms that the maximal growth rate is obtained at N concentrations between 50 and 100 lM N. Caution however, should be taken extrapolating these high growth rates from carefully monitored laboratory set-ups where low biomass densities are applied, to larger scale cultivation facilities with higher biomass densities and more limited control of environmental factors. The K M assessed in this study, 9.4 lM, was higher than the value of 5.6 lM obtained by Nielsen et al. (2012) , indicating a somewhat lower affinity of Ulva in this study to the NH þ 4 of the reject water as compared to agricultural waste water from pig manure.
Bioremediation capacity of Ulva cultivated with different reject water concentrations
The bioremediation capacity of N, P and C of Ulva was positively related to the concentration of the reject water in the growth medium ( Table 2 ). The higher the reject water concentration in the medium, the higher was the internal concentration of all three elements in the algal tissue. At an external concentration of 100 lM NH þ 4 , Ulva was capable of incorporating up to 0.44% P of DW and 5.12% N, which corresponds to a protein content of 28.6% (Lourenço et al., 2002) . This N bioremediation capacity is in the same range as described at similar N concentrations from Nielsen et al. (2012) (4.09 ± 0.14% of DW) and Msuya and Neori (2008) (5.92 ± 0.48% of DW). Ulva revealed capabilities of incorporating even higher levels of nitrogen (5.31% N of DW) when subjected to a four times higher external concentrations in the N source experiment (440 lM N), although this resulted in a poorer bioremediation efficiency (Table 1 ). The results demonstrate that the limit capacity for incorporation or storage of N was still not reached at N concentrations where the algae have reached their maximum growth rate. The bioremediation capacity for P achieved in this experiment was comparable to results of others cultivating Ulva under same N concentrations (Msuya and Neori, 2008; Nielsen et al., 2012) , but a factor of 2 or 10, respectively, lower than what was described when algae was cultivated with dairy manure (Mulbry et al., 2008) and urban waste water (Tsagkamilis et al., 2010) . The P concentration of the urban waste water (115.8 lM P) however, was a factor 10 higher than in the present study.
The effects of concentrations of reject water and growth rate on internal concentrations of N, C and P, and therefore also the CN ratio, were all significant in the overall model (Growth rate alone had no significant effect on any of the variables (general linear model F 1.9 6 2.40, p 6 0.155), and thus the effect was due to the concentrations of reject water.
The CN ratio of the biomass decreased significantly with increasing concentrations of reject water (Table 2 ) with all pairwise comparisons being significant (Least square means difference t P 3.69, p 6 0.005). The decrease was caused by the significant increase in N content and the less pronounced increase in C content. The optimal CN ratio of the algae biomass is defined by the end-use of the biomass: if the application is production of protein or soil improvement, a low CN ratio is preferred. The opposite is the case if the biomass is to be used for bioenergy production, where a high carbon content is needed, as a high N content may cause inhibition of the involved microorganisms in microbial energy conversion processes. Presently anaerobic digestion appears as the most promising energy conversion technology for Ulva biomass, with biogas yields in the range of land based energy crops or cattle manure (Bruhn et al., 2011) , and a potential application of biomass produced in relation to a waste water treatment plant would be using the algae as a feedstock supplement for anaerobic digestion in the sludgefed biogas plant from where the reject water originates (Rusten and Sahu, 2011) . For anaerobic digestion, a CN ratio between 20 and 30 is suggested as the optimal ratio between carbon and nitrogen (Habig et al., 1984; Parkin and Owen, 1986; Wang et al., 2012) . The results of this work indicate, in agreement with Nielsen et al. (2012) , that only Ulva biomass cultivated with relatively low N concentrations (6 lM N in this study, up to 12 lM N with pig manure) are within this suggested range of CN ratios. At these low N concentrations the internal N pools in the algae are below the critical value of 2.17% of DW reported as limiting for maximal growth (N C ) (Pedersen and Borum, 1996) . Still at these concentrations, the internal N pools are not near or below the subsistence quota (N Q ) of 0.71% of DW, setting the limit for survival of the algae (Pedersen and Borum, 1996) . However, the bioremediative function of the algae at the low N concentrations is neglectable, since growth rates as well as bioremediation capacities are minimal at these low N concentrations. This emphasises the maximal benefit of coupling the need for N bioremediation with an end application of the produced biomass focused on protein or fertiliser, instead of -or coupled to -energy production.
Bioremediation efficiency of Ulva cultivated with different reject water concentrations
Bioremediation efficiency -defined as percentage of initial external nutrient concentration removed -decreased significantly for N with increasing concentrations of reject water (Table 2) with all pairwise comparisons being significant for experimental days 4, 5, 6, 8, 9 (Least square means differences t P 2.36, p 6 0.043). At reject water concentrations of 6, 12 and 25 lM of NH þ 4 À N, nearly all nitrogen was removed on a daily basis during the entire experimental period, whereas with 50 and 100 lM NH þ 4 À N, 94% and 64% of the nitrogen, respectively, was removed.
Bioremediation efficiency of P also decreased with increasing concentration of reject water (Table 2) . At experimental days 5, 6, and 7, all pairwise comparisons differed significantly except for 25 lM and 50 lM, and at experimental day 9 all pairwise comparisons were significant (Least square means differences t P 2.27, p 6 0.050). Table 2 Growth rates, bioremediation capacities, nutrient uptake rates and bioremediation efficiencies of C, N and P in U. lactuca during and after exposure to different concentrations of reject water for 10 days. Values represents means ± SE. (For the specific growth rate and bioremediation efficiency n = 21. For the internal tissue concentrations of C, N and P, n = 3). DW: dry weight. The specific growth rate correlated with the reject water concentration (defined as NH þ 4 concentrations), but not with the P content. This is due to N being the limiting inorganic nutrient. The interaction between period and reject water concentration suggested that the effect of concentration changed between periods for N, but not quite as strongly for P. The period and the interaction between period and growth rate were not significant for N and P (Supplementary Table S2 ), suggesting that growth rate had similar effect on the bioremediation efficiency in all the periods. While bioremediation efficiency decreased with increasing nutrient concentrations, the nutrient uptake rates, for N as well as for P, kept increasing over the range of concentrations applied (Table 2) , reflecting the parallel increase in tissue concentrations as described in Section 3.2.2 ( (Martinez et al., 2012) . The N uptake rates demonstrated in this study were maximally 21.14 mg N g DW À1 d À1 , which again compares well with results described from cultivation on fish pond effluents (Msuya and Neori, 2008) . The results from this study demonstrate, that for optimal bioremediation efficiency (minimal nutrient concentrations left in the final effluent water), the external concentrations of reject water should be kept below 50 lM N. However, for maximal recovery of nutrients from the waste water (maximal N yield per area), the external reject water concentrations should be kept between 50 and 100 lM, where growth rates are highest and nutrient uptake rates still increasing. A more accurate identification of the N concentrations where bioremediation efficiency or capacity are maximised was achieved through parameterisation of the results from the concentration experiment. The following model equations gave the best fits to the relation between concentrations of reject water and uptake rates of N and P in the concentration experiment:
(1) N uptake rate Internal (Spheric. conc (RW) is the concentration of reject water given as lM NH þ 4 . ''Internal'' reflects N or P assimilated in the algae tissue (bioremediation capacity), ''external'' reflects N or P removed from the growth media (bioremediation efficiency).
In this study, the models indicated that a maximum incorporation rate of 22.7 mg N g DW À1 d À1 could be achieved at concentrations larger than 80.2 lM N (Fig. 3 (internal) , Table 3 ). This was in good agreement with the predicted N uptake rates based on the N removed from the reject water: 21.9 mg N g dw À1 d À1 at a reject water concentration of 89.6 lM N (Fig. 3 (external) , Table 3 ). The calculated discrepancy between the N disappeared from the reject water and the N re-found in the algae was minimal and potentially this was due to incorporation of other N sources such as NO À 3 and organic N present in the reject water, but not accounted for in this study. Both modelled graphs indicated a near maximum N removal at concentrations above 80 lM N, and indicated no loss of N to other sinks but the algae tissue. Regarding the P removal and uptake, the agreement was not as good: a maximal incorporation rate of 1.8 mg P g DW À1 d
À1 at N concentrations larger than 23.0 lM N (Fig. 3 (internal) , Table 3 ). For phosphate removed from the media, a maximum removal of 2.7 mg P g DW À1 d À1 was found at N concentrations higher than 89.2 lM N (Fig. 3 (external) , Table 3 ).
The discrepancy between P taken up by the algae (internal) and removed from the media (external) suggests that a considerable amount of P is lost to unknown sinks, but that a maximum removal was achieved at concentrations of about 89 lM N.
Concerning the N, the here obtained results are in agreement with findings from other studies (Nielsen et al., 2012; Msuya and Neori, 2008) and emphasise the trade-off between the high tissue N concentration and bioremediation efficiency, when increasing external nutrient concentration. This will be discussed further in Section 3.3. The loss of P could potentially be due to adsorption of P to particulate matter, however this case is not described from other studies and the unknown sinks need to be identified in order to optimise the recovery of this increasingly limited resource.
Heavy metal concentration in Ulva cultivated with different reject water concentrations
In this experiment, Ulva did not accumulate heavy metals in concentrations above limit for animal feed production (EU, 2002) or for use as soil improvement (Miljøstyrelsen, 2003) . In Ulva cultivated at the low reject water concentrations, arsenic (As) and lead (Pb) concentrations were above the respective limit values for food purposes (Table 4) . Concentrations of metals did not differ significantly between algae tissue from Ulva cultivated at different reject water concentrations, and no significant effect of concentration of neither reject water, nor growth rate on metal concentration was present for Cr, Ni, Cu, Zn, As, Cd and Pb (General linear model F 5,9 6 2.94, p P 0.076). However, the concentrations of Cr, As and Pb tended to decrease with increasing nutrient concentration to values acceptable also for food purposes, when cultivated at the high reject water concentrations. This (non-significant) inverse relation of certain metals to nutrient concentrations indicated, that the higher growth rates caused a dilution of the metal concentration in the Ulva tissue. This means that at the reject water concentrations securing optimal growth rates, heavy metal assimilation may not be a problem to the following application of the biomass.
3.3. Nutrient recycling using Ulva for waste water treatment 3.3.1. Optimising nutrient removal The trade-off between maximal nutrient recovery (high system nutrient concentrations) and clean effluent water (low system nutrient concentrations) implies a practical choice of how to construct the bioremediation facility. The choice will depend on the actual needs of the system. In an integrated aquaculture facility, focus may be to maximise the cleaning of the effluent water, whereas when making use of the reject water in a waste water treatment plant, focus will be to minimise the internal nutrient load, by recovering maximal amounts of N and P per area before channelling the effluent back into the raw sewage.
To overcome this dilemma and optimise bioremediation efficiency while still incorporating large amounts of nutrients, a novel system design was suggested by Neori et al. (2003) ; taking advantage of the fact that bioremediation efficiency depends on the total areal nutrient load, which is a function of water exchange rate as well as inflowing nutrient concentration. By circulating the waste water through three ponds with decreasing surface area, the increase in flow rate counterbalances the decrease in nutrient concentrations, giving similar areal nutrient loads. The outcome is high nutrient removal and clean effluent water at the same time (Neori et al., 2003) . However, in a single pond system, the areal nutrient yield of an algae biofilter system can be optimised by maximising the nutrient uptake of the algae and the algae production rate through optimisation of biomass density and nutrient concentration. Results from this and other studies demonstrate that at N concentrations between 50 and 100 lM N (N:P ratio of 4), growth rates are maximal and N and P uptake rates still increasing (Nielsen et al., 2012) . At nutrient concentrations higher than 50-100 lM N, growth rates may still be high and nutrient uptake rates higher, but in addition to the inherent decrease in bioremediation efficiency, other disadvantages may also be coupled to systems with high NH þ 4 concentrations. The potential disadvantages relate to the algae biofilter performance, as NH þ 4 is toxic and may in higher concentrations become growth limiting to the algae (Abeliovich and Azov, 1976) . But also, at higher concentrations of NH þ 4 , competition from alternative N removal pathways could negatively impact the efficiency of the N recovery. An increasing discrepancy between N disappearance out of the systems and N recovery by the algae with increasing N concentrations has been described (Msuya and Neori, 2008; Nielsen et al., 2012) , indicating an N loss to undefined sinks, potentially volatisation and denitrification. The volatisation of ammonia increases with NH þ 4 concentration (as well as with increased turbulence and pH). Thus, a system with higher nutrient concentrations would have a higher N loss. Denitrification by bacteria present in the system is also a potential pathway of N loss (Bartoli et al., 2005 ). An undefined N loss was not observed with the range of concentrations used in this study.
Scaling up -perspectives and limitations
The here documented capacity of Ulva to recover nutrients from reject water could motivate for testing in larger scale an Ulva biofilter system integrated in a waste water treatment plant. The waste water treatment plant would need to be located next to a saline water body, in order to achieve a constant salinity of the diluted reject water. Ulva is relatively tolerant regarding salinity, but still prefers an intermediate salinity for optimal growth performance and nutrient uptake (Choi et al., 2010) . Environmental stress, as for instance due to low salinity, also increase the risk of spontaneous sporulation of Ulva, which can lead to loss of biomass (Bruhn et al., 2011) . Diluting reject water with natural seawater avoids having to add vitamins and minerals since these nutrients are inherent in the water. As mentioned in Section 3.2.1, the growth rates achieved in laboratory studies like this should not be extrapolated to larger outdoor facilities. Estimates of a biomass production potential of 45 t DW ha À1 y À1 of Ulva have been made for outdoor tank production of Ulva in a temperate climate under natural light conditions (Bruhn et al., 2011) . Using these estimates for predicting the effect of an Ulva biofilter supplied with reject water in a 100 lM N concentration, the system would be able to recapture approximately 2300 kg N and 198 kg P ha À1 y À1 . This corresponds to a protein production of 11-12 T DW, using a conversion coefficient between N and protein of 5.13 (Lourenço et al., 2002) . A large waste water treatment plant like Fredericia Table 3 Estimates for best fits to the relation between concentrations of reject water and internal and external concentrations of N and P in the concentration experiment. Range describes the concentration of reject water where the asymptote is met, indicating the optimal reject water concentration for achieving maximal N or P uptake rate. Sill + nugget (spheric model) or part sill (exponential model) indicates the size of the asymptote, the maximal uptake rate of N or P. All estimates differ significantly from zero. Table 4 Concentration of heavy metals in the Ulva biomass cultivated in reject water at a range of N concentrations, as well as limit values for relevant applications of the biomass. All values are given as lg g DW À1 (ppm). Values represent means ± SE (n = 3). The concentrations of the heavy metals were all log transformed to fulfill assumptions of normal distribution of residuals. Chromium (Cr) 6.9 ± 2.3 6.1 ± 0.7 2.9 ± 0.3 5.7 ± 2.7 2.4 ± 0.5 ND 100 1.75 (0.219) 1.23 (0.365) 1.10 (0.321) Arsenic (As) 3.9 ± 1.2 3.8 ± 0.4 1.9 ± 0.3 2.0 ± 0. Spildevand A/S has an annual production of reject water of approximately 1 mio m 3 . The annual effect of a one hectare Ulva biofilter would, in theory, be equivalent to a recovery of 4% of the N of the internal load generated by channelling the reject water back into the raw sewage. Thus, for a full recovery of N from the reject water an area of 25 ha would be required. The areal need implies additional challenges in making an Ulva biofilter realisable and economically profitable for larger waste water treatment plants. In addition, the expected expenses in connection to running an intensive cultivation facility, claims for a high value utilisation of the produced biomass, optimally in a biorefinery concept.
Utilisation of the biomass
This and other studies have demonstrated that the external nitrogen concentration is proportional to the protein content of the algae biomass, and consequently the produced algae biomass constitutes a protein rich raw material, that could be used for feed or soil enrichment purposes in addition to acting as a nutrient filter (Msuya and Neori, 2008; Nielsen et al., 2012) . Although the total amino acid content of Ulva is lower than in soybean, Ulva has been shown to have a fortunate amino acid composition, with a high relative content of methionine as compared to soybean (Nielsen et al., 2012) . Since sustainable protein is increasingly becoming a limiting resource, Ulva could be interesting as a protein source in a feed perspective, (Nielsen et al., 2012) . Apart from the proteins, the carbohydrate fraction of the Ulva biomass is applicable for energy production via biological energy conversion to biogas or bioethanol (Bruhn et al., 2011) or extracted for high value purposes in the medical or food industry (Lahaye and Robic, 2007) . However, when maximising the algae N uptake, the produced biomass will have a low CN value. This will, as discussed in Section 3.2.2, disqualify the biomass for bioenergy production, but surely qualify the biomass for production of higher value products: feed, protein or fertiliser. Depending on the origin and composition of the waste water, different legislative restriction apply to the end-uses of the produced biomass, that as a minimum must be controlled regarding pathogens and heavy metals. Results from this and other studies document that heavy metals are not actively bioaccumulated by Ulva (Nielsen et al., 2012) , and that Ulva has a growth inhibiting effect on certain pathogens (Lu et al., 2008) . Thus, bioremediation of reject water with macroalgae such as Ulva may in future contribute to solving at the same time the increasing needs for recovery of nutrients from waste streams as well as the needs for sustainable production of protein and fertiliser.
Conclusion
U. lactuca grew well on reject water. Growth dynamics and biochemistry of Ulva cultivated with reject water were not different from Ulva cultivated with NH þ 4 . Cultivating Ulva with N concentrations of 50-100 lM resulted in maximal growth rates and high uptake rates of N and P. The biomass produced at these nutrient concentrations was rich in protein, and the content of heavy metals did not exceed limit values for use for animal feed or soil improvement. The challenges in future are the area needs and balancing high production costs with high value utilisation of the algae biomass.
